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I. INTRODUCTION
T HE discovery of photosensitivity in germanosilicate glass fibers [1] has enabled the manufacture of high quality, low-cost, and ultralow loss in-fiber photonic devices, supporting today's fiber optics telecommunication industry. Fiber Bragg grating (FBG) devices serve essential functions such as wavelength multiplexers [2] , dispersion compensators [3] , gain equalizers [4] , and mode converters [5] . Because of an intrinsically weak photosensitivity response, enhancement procedures, such as hydrogen loading [6] , are typically applied to speed grating writing times and increase the available refractive-index change in standard telecommunication fiber. With hydrogen enhancement, index changes of 5 can be induced with modest doses of 248-nm KrF-laser radiation [6] . However, hydrogen enhancement brings several drawbacks, such as short shelf life, 1390-nm OH-band transmission losses [7] , and aging-related relaxation [8] . Alternative enhancement mechanisms are also available in specialty fibers doped with high concentrations of germanium, boron, and phosphor [9] . However, modal mismatch with standard optical fiber may increase insertion losses.
Another approach to improving the fiber photosensitivity response is extending light sources to shorter wavelength. Significant enhancements are available by moving systematically from 488-nm Ar-ion laser light to light from the 248-nm KrF laser, the 193-nm ArF laser [10] , and most recently, the 157-nm F laser [11] - [14] . An refractive-index change of was reported [10] for standard telecommunication fiber without any enhancement when applying 193-nm radiation. A two-photon process was inferred [15] to excite direct bandgap transitions, in contrast to the bleaching of inter-bandgap defects for the 248-nm laser case. Because large 193-nm doses of 30 kJ cm at single-pulse fluence of 650 to 1300 mJ cm per pulse were applied, thermal stresses can be induced that lead to fiber damage, fiber brittleness, and excess optical loss. Strong photosensitivity responses were also noted for record short-wavelength 157-nm F -laser radiation [11] , [12] by the rapid formation of strong long period gratings in standard fibers.
This paper presents a comprehensive extension of this F -laser work, reporting on the 157-nm photosensitivity responses of standard telecommunication fiber with and without the use of hydrogen enhancement. Unlike traditional ultraviolet lasers, the 7.9-eV photon from the F laser directly excites electrons across the 7.1-eV bandgap of low concentration GeO -doped (5%) silica glass [16] to initiate strong single-photon photosensitivity processes. Effective refractive-index changes of were readily induced in untreated fiber as noted by trimming FBG. The strong 157-nm absorption in the core is further responsible for generating a highly asymmetric refractive-index profile, as observed by atomic force microscopy (AFM) and microreflection microscopy, that sharply contrasts the uniform refractive-index profiles noted for KrF-and ArF-laser irradiation, even under hydrogen soaking conditions [17] , [18] . A peak refractive-index change of is reported. Such asymmetry appears to underlie an unusually strong birefringence of 5 . The F -laser therefore presents a unique opportunity for fabricating birefringence mode converters [5] , rocking filters [19] , and other polarization-controlling devices in fibers. The characterization of 157-nm photosensitivity responses, the refractive-index profiles, and the laser-induced birefringence are described in Sections II-IV, respectively, followed by a general discussion of the results in Section V.
II. 157-nm PHOTOSENSITIVITY IN STANDARD FIBERS
Photosensitivity responses in standard telecommunication fiber (Corning SMF-28) were determined by trimming FBGs with uniform 157-nm light. Fibers were hydrogen-soaked at 1900 psi for 10 d at room temperature, and then inscribed with both weak (index contrast -) and strong (saturated index change -) FBGs by using a 248-nm KrF laser and a phase mask. The FBG samples were 0733-8724/03$17.00 © 2003 IEEE trimmed by the 157-nm F laser immediately after the FBG inscription for the hydrogen-soaked case, or baked at 150 C for 5 d prior to the 157-nm irradiation to provide hydrogen-free samples.
A commercial F laser (Lambda Physik LPG200I) provided unpolarized 157-nm radiation at up to 100-Hz repetition rate. A CaF cylindrical lens adjusted the on-fiber fluence from 4 to 150 mJ cm . All optical beam paths were flushed with nitrogen or argon gas to provide a transparent beam path for the vacuum ultraviolet (VUV) radiation. The transmission spectra of the FBGs were monitored in-situ during laser irradiation by a broadband light source (Thorlab ASE7001) and an optical spectrum analyzer (Ando 6317B). ac and dc refractive-index changes were inferred from the changes in FBG transmittance and spectral peak wavelength, respectively. Spectral recordings were delayed by 20 min following the F laser irradiation to eliminate laser-heating effects. , and 0.45 , respectively, following a total radiation dose of 25 kJ cm . All reported index changes are large for a hydrogen-free telecommunication fiber.
The photosensitivity is weaker at high single-pulse fluence (61 and 136 mJ cm ), possibly owing to an accumulation of laser damage inside the fiber and opacity generation in the cladding. Although a weak 157-nm cladding absorption of 77.5 cm was reported by Dyer et al., [20] fiber damage becomes visible under an optical microscope after prolonged irradiation at a fluence of mJ cm per pulse, which is twofold smaller than the 300-mJ cm ablation threshold of germanosilicate glass [21] . Such laser damage narrows the F -laser processing window to fluence values well below that typically applied (0.5 -1 J cm ) with longer-wavelength lasers.
A compaction phenomenon is also anticipated in the 157-nm irradiated fiber cladding, predicting a fractional volume compaction of 200 ppm for a 25-kJ cm dose [22] . The associated refractive-index increase presumably lowers the index contrast between the germanosilicate core and the fused silica cladding, reducing the observable change in effective index. The relative roles of cladding compaction, core photosensitivity, and possible stress relief in the 157-nm treated fibers could not be delineated with the present instrumentation.
The 248-nm FBG formation step was found to pre-sensitize the fiber core, increasing the post 157-nm photosensitivity response as seen in Fig. 2 . The grating reflectance increased sixfold, from 2.15 to 13 dB, following a 3.5-kJ cm dose of F -laser light at 5.3-mJ cm fluence per pulse. Corresponding to this increase is a fourfold change in ac refractive index from the 3.8 base created by the KrF laser exposure to as seen in Fig. 1(b) . Fig. 1 (b) also shows that the amplification effect is twofold weaker for the case of 136-mJ cm single-pulse fluence. Laser amplification effects have been previously reported but are generally much weaker with longer wavelength radiation. [23] The evolution of the ac index con- The sensitization effect of 248-nm preirradiation is no longer evident for the case of strong FBGs as shown in Fig. 1(d) . The gratings become weaker with F -laser exposure, and the ac index modulation follows a simple exponential decay of
The ac refractive-index fall-off is related to the saturation and washing out of a strong grating index modulation formed by high 248-nm exposure. Nevertheless, the F -laser radiation provided a strong change of 1.2 in the effective index as noted in Fig. 1 (c) for single pulse fluence of 5.0 mJ cm . This saturated dc index change is identical with the value obtained in the weak FBG case of Fig. 1(a) for the similar condition of 5.3-mJ cm exposure, even though the 248-nm FBG formation step consumed a large saturated index change of 6 -8 in the strong FBG case. The strong 248-nm pre-irradiation therefore does not appear to consume the photosensitivity capacity of the 157-nm process, suggesting a different photosensitivity channel for the above bandgap radiation. Moreover, a twofold acceleration of the 157-nm photosensitivity response is noted in the strong grating case as seen by comparing the index change in Fig. 1(c) (strong FBG) with Fig. 1(a) (weak FBG) . The 248-nm irradiation of hydrogen-soaked fiber possibly contributes new precursor states that remain photosensitive to 157-nm light even after thermal annealing. This 248-nm photosensitization is further exemplified by the amplification of the ac index change in Fig. 1(b) .
The 157-nm photosensitivity responses for hydrogen-loaded fiber are summarized in Fig. 3 . For the weak FBG case [ Fig. 3(a) ], a large and unsaturated index change of 2 was induced with a modest 1-kJ cm dose of 157-nm laser light when applied at 5-mJ cm fluence. This index value is twofold larger than observed in the hydrogen-free fiber [ Fig. 1(a) ], and developed more than ten times faster with accumulated fluence. The strong hydrogen enhancement is even more pronounced at lower accumulated fluence, becoming fiftyfold faster, for example, to reach a 1 index change. The 157-nm photosensitivity response is approximately one-third weaker for the higher single-pulse fluence of 88-mJ cm in Fig. 3(a) , showing that high-fluence laser damage also arises in hydrogen-soaked fiber. However, the 248-nm photosensitization effect observed in the hydrogen-free fibers [ Fig. 1(b) and (c)] was not evident here. The 157-nm photosensitivity response dropped by 50% for the strong FBG case of Fig. 3 (c) in contrast to the twofold enhancement observed in the hydrogen-free fiber in Fig. 1(c) relative to Fig. 1(a) . The 248-nm photosensitivity enhancement was also not evident in the ac index changes shown in Fig. 3(b) and (d). One additional contrast is the similarity of refractive-index changes in Fig. 1(c) for the dissimilar single-pulse fluence values of 5 and 58 mJ cm . The combination of large 248-nm exposure and hydrogen soaking may create a high density of photosensitive precursor states that sharply reduce the 157-nm penetration depth into the fiber core, creating only a narrow band index modification that moderates the observed change in effective refractive index. An examination of laser-induced refractive-index profiles in the next section helps elucidate the cause of these contradicting responses.
III. INDEX CHANGE PROFILES
Underlying the above observations in effective refractive index are more subtle changes to the guiding properties such a waveguide birefringence or polarization-mode dispersion that depend on the index profiles modified by the deep UV laser radiation. In this section, a combination of AFM [17] , [18] and microreflectivity methods are employed to study the index profiles of 157-nm irradiated fibers.
A. Laser Modified Index Profiles: AFM and Chemical Etching
Hydrogen-soaked and hydrogen-free SMF-28 fibers were uniformly irradiated with 157-nm light at up to 2200-J cm total dose at low single-pulse fluence of mJ cm . A reference H -loaded fiber was also radiated with 248-nm KrF-laser light. AFM cross-sectional scans were first performed on the clean-cleaved end facets of the irradiated fiber sections to examine for the presence of VUV-laser produced divots or complementary hill-like topography due to laser-induced brittleness. The topography was found to be flat over the entire examined cores and cladding regions for all of the radiated samples. The end facets of these fibers were then etched in 1% (by volume) HF solution and subsequently examined by AFM.
The differential etching rates of the Ge-doped core and fused silica cladding were used to resolve the index of refraction profile. The known index contrast of 0.005 between the core and the cladding of SMF-28 fibers was used to calibrate the linear etch rate and subsequently relate the etch rate to the refractive-index change. The index change owing to VUV exposure was then determined from the accelerated etch rate in the core by assuming that the index change from the VUV exposure follows the same linear relationship between the etch rate and the index change as the un-exposed SMF-28. This assumption is validated in Sections III-B. The sensitivity of this etching technique permits laser-induced index of refraction differences of to be observed. This sensitivity could not be improved with longer etching times because deeper etches ( 100 nm) could not be accurately tracked by the AFM probe, especially in regions of greatest etch gradient near the core-cladding interface. Fig. 4 compares AFM topographies and cross-sectional scans of 248-nm and 157-nm irradiated fibers. The AFM results from a H -loaded fiber irradiated by 20 kJ cm of KrF radiation at a single-pulse fluence of 300 mJ cm are shown in Fig. 4(a) . The 12-min etch in 1% HF solution reveals a uniform etch profile across the core region. A reliable value for the laser-induced index change was not obtainable since the anticipated index change of (from Section II) barely exceeds the 0.0005 sensitivity limit for this method. However, a uniform index profile is expected since few and weak cladding modes were observed in the FBG reflection spectra produced in Section II under similar illumination conditions. Further, other groups [17] , [18] have noted that hydrogen loading does not significantly distort the symmetric index profile of standard telecommunication fibers.
A uniform etch profile is also noted in Fig. 4(b) for a hydrogen-free fiber irradiated with 6 kJ cm of 157-nm light at single-pulse fluence of mJ cm . According to the data in Fig. 1(a) , this exposure should provide a 7 change in effective refractive index, which again barely exceeds the 0.0005 sensitivity limit of the present acid-etching AFM technique. At this level of index change, any asymmetry in the index profile that may arise from strong above-bandgap absorption in the germanosilicate core should become observable by concentrating the refractive-index change to higher value on the radiated side of the fiber. The flat profile in Fig. 4(b) suggests a uniform index profile that contrasts with the results of hydrogen-free planar waveguide photosensitivity studies in which a penetration depth for the index change of 5 m was deduced using the same 157-nm laser dosage [14] . Co-dopants in the case of planar waveguides may reduce the 157-nm penetration depth.
The uniform 157-nm fiber-core response [ Fig. 4(b) ] is dramatically altered with hydrogen loading as seen by the AFM image shown in Fig. 4(c) . A total 157-nm dosage of 1.3 kJ cm with single-pulse fluence of 5 mJ cm generated a sharp preferential etching toward one side of the core after 12 mins in a HF bath. This accelerated etch rate is 1.5 times above that for the core plateau, implying a peak index change of . The fall-off of the VUV induced trench is 900 nm, indicating a very shallow VUV penetration depth in the hydrogen-loaded fiber core. A systematic study of the peak index change and VUV penetration with increasing laser dose provided the data in Fig. 5 . A peak index change of was generated within a narrow 0.7-m crescent with a 2.2-kJ cm dose. This is probably the largest index change induced in a standard fiber ever reported. The peak index change, , can be well represented by a power law relationship of , where NF (in J cm ) is the accumulated fluence dose. This relationship supports a one-photon photosensitivity process, consistent with the strong direct-bandgap absorption anticipated in the germanosilicate core [24] . The penetration depth reduces gradually from 1.4 m to 0.7 m with increasing fluence dose up to 2200 J cm . This shrinking penetration is consistent with our 157-nm photosensitivity studies of planar waveguides [14] , and is likely related to laser-generated precursors and laser-induced damage. Similar factors were cited in Section II to reduce the photosensitivity response when large single-pulse fluence was applied to the fiber. Because of the finite penetration depth in hydrogen-soaked fiber, the peak index values in Fig. 5 are sixfold larger than the effective index change at 1.55 m as measured by the FBG trimming method [ Fig. 3(a) ]. This combination of VUV irradiation and hydrogen loading provide strong anisotropy in profiling refractive-index changes in germanosilicate waveguides. To best of our knowledge, such a unique extreme anisotropic index profile induced by laser radiation has only been observed at this record-short wavelength of 157 nm [14] .
B. Laser-Modified Index Profiles: Microreflectivity Microscopy
To validate the AFM plus chemical etching technique as a means of measuring laser induced refractive-index profiles, microreflectivity measurements were also conducted on the sectioned fiber samples. Microreflectivity data obtained using a 633 nm (He-Ne) laser together with a microscope objective were collected from cleaved surfaces (i.e., without any etching ). The output end of the fibers was terminated in index matching epoxy to prevent any back reflected light from contributing to the front surface reflected signal. The optical resolution was estimated to be 500 nm. The microreflectivity data was then converted to refractive-index changes using the Fresnel reflection formula and using a cladding index of refraction of 1.46 as a reference. Fig. 6 shows the comparison of the index profile from both the AFM plus the chemical etching method and the microreflectivity measurement on a hydrogen-loaded SMF-28 fiber irradiated with 2.2 kJ cm of 157-nm accumulated dosage. The index profiles are very similar when one takes into account the poorer resolution of the microreflectivity measurements, demonstrating the excellent agreement between the two techniques. The 157-nm laser induced index change obtained by normalizing the AFM data with a core-cladding of 0.005 (SMF-28) from the plateau region is , agreeing with the predicted value from the microreflectivity data. As expected, the peak index contrast of 0.005 -0.017 at the 9-m position in Fig. 6 exceeds the corresponding change in effective index of 2 -3 , as extrapolated from the data in Fig. 3(a) to the same accumulated fluence of 2.2 kJ cm . One discrepancy is noted for microreflectivity data in Fig. 6 , which exhibited a raised index region instead of a plateau on the nonirradiated side of the core. Both techniques lacked the sensitivity required to reveal the presence of anisotropic index profiles in the hydrogen-loaded fibers when the 157-nm accumulated fluences were less than J cm .
IV. BIREFRINGENCE IN BRAGG GRATINGS
The highly anisotropic index profile generated by F -laser radiation introduces large birefringence into germanosilicate optical fibers, offering new opportunities for in-fiber photonics component fabrication. In this section, we choose the FBG as an example to study the modification of polarization characteristics under 157-nm laser radiation. Fig. 7 shows transmission spectra of a weak FBG along the fast and slow polarization axes following a uniform F -laser exposure of 10-kJ cm dose, at single-pulse fluence of 5 mJ cm in a hydrogen-free fiber. Since birefringence was not observed in the FBG with the KrF-laser exposure, a large spectral resonance shift of 0.05 nm is therefore fully attributable to the F -laser radiation, yielding a waveguide birefringence of , where is the FBG resonance wavelength and is the effective index. This birefringence is about 5% of the total 1.0 index change, and is at least ten times larger than the birefringence values reported in standard fibers using a 240-nm laser [25] . The post-F -laser irradiation also enhances the index contrast of the FBG [i.e., Fig. 1(b) ] to yield different reflectivities of 33% and 35% in Fig. 7 for the fast and slow axes, respectively.
Polarization-mode dispersion (PMD) is an important factor to be minimized in telecommunication optical components. Fig. 8(a) shows PMD of 1-3 ps in the resonant wings of the 1-cm long and 30-dB FBG written by the KrF laser in a hydrogen-loaded SMF-28 fiber. Fig. 8(b) shows a PMD spectrum of a similar FBG (1 cm, 30 dB) formed after the hydrogen-soaked SMF-28 fiber was pretreated with a -kJ cm dose (3.5 mJ cm single-pulse fluence) of F -laser radiation. The PMD of 40-60 ps is now twentyfold larger. However, such F -laser induced PMD can be reduced by two-order of magnitudes by radiating the fiber from opposite sides.
V. DISCUSSION AND CONCLUSION
A comprehensive study of photosensitivity responses with 157-nm F -laser radiation was undertaken for both hydrogen-free and hydrogen-loaded standard fibers by means of trimming FBGs. The above-bandgap 157-nm light interacted strongly with the germanosilicate fiber core, inducing large changes in effective index of in both fiber types. Only weak single-pulse fluence of mJ cm could be applied to the fiber to avoid damage and increased fiber absorption that prematurely saturated the index changes [ Figs. 1(a) and (b) and 3(a) and (b)]. This exposure is less than the fluences typically applied with UV excimer lasers, and offered the additional benefit of only modest laser heating of the fiber to less than 20 C above ambient (at 100 Hz). Thermal damage was not evident, and fibers were not obviously weakened or overly brittle under such low pulse fluence exposure. Since strong 157-nm photosensitivity was demonstrated (Fig. 1) without the need for hydrogen enhancement, index changes are much more stable than that in hydrogen-loaded fibers. This has been confirmed by aging test in long-period grating written by 157-nm laser in hydrogen-free standard fiber (SMF-28). [12] Table I compares the 157-nm F -laser photosensitivity responses (effective index changes) of hydrogen-free and hydrogen-soaked standard fibers to that provided by the more common 248-nm KrF and 193-nm ArF lasers. In hydrogen-free fiber, the 193-nm and 157-nm photosensitivity response rates are approximately two orders of magnitude stronger than with the 248-nm KrF laser. A two-photon process was inferred [15] for the 193-nm photosensitivity response, which is approximately fourfold weaker than the single-photon response underlying the 157-nm photosensitivity. Table I also demonstrates the well know enhancement effect of hydrogen loading [6] that dramatically increases the 248-nm photosensitivity in both the size of the index change and the exposure time (accumulated fluence). Using identical hydrogen loading condition (105 atmosphere, 10 d, 20 C), a less significant enhancement factor of is noted in the 157-nm photosensitivity response over the hydrogen-free 157-nm case. The low-concentration germanosilicate fiber core interacts strongly with 157-nm radiation, presumably leaving less capacity for improving the response with hydrogen soaking. Nevertheless, the hydrogen-enhanced 157-nm responses are more than thirtyfold faster than the comparable 248-nm hydrogen-enhanced response. Further, hydrogen-soaked fibers concentrate stronger refractive-index changes into thin crescent-shaped cylinders [ Fig. 4(c) ] that have less influence on the effective index as seen by the large-area guiding mode. For similar reasons, photosensitivity enhancement effects are also less pronounced when 157-nm radiation is applied to high-concentration germanosilicate fibers. [11] A particularly unique feature of 157-nm photosensitivity is the strongly asymmetric index profile generated in both planar waveguides [14] and hydrogen-soaked fibers [ Fig. 4(c) ]. Such asymmetry can generate a large polarization-dependent Goos-Hanchen shift that may underlie the strong birefringence noted here. Such strong birefringence has not been observed in standard fibers, even with hydrogen loading, when radiated with longer wavelength radiation [17] , [18] . However, a large UV-induced birefringence of was generated in germanium-rich optical fiber, possibly owing to preferential alignment of dipole moments of UV-induced defects along the polarization axis of the UV laser radiation [25] . For the present 157-nm case, the transverse component of the unpolarized incident laser radiation may also generate strong anisotropic index changes that underlie the strong birefringence and is a subject of further investigation.
Large waveguide birefringence is strictly unacceptable in certain telecommunication applications such as FBG DWDM filters, but has strong merits for several component applications such as polarization mode converters, polarization trimming in fiber lasers, and birefringence trimming in planar lightwave circuits. The flexible control of waveguide birefringence and refractive-index profile is normally very challenging with traditional UV lasers and requires specialty fibers with high germanium concentration and the presence of other dopants to improve the UV-interaction with the fiber core. The above-bandgap F -laser radiation is therefore a natural and powerful tool for rapidly generating highly anisotropic refractive-index changes inside the core of standard optical fibers. The birefringence depicted in the FBG of Fig. 7 demonstrates that 157-nm radiation can convert standard symmetric fiber into polarization-maintaining fiber with beat length smaller than 1.5 cm-a value comparable with commercially available polarization-maintaining (PM) fiber. The F laser light enables new approaches in birefringence trimming and refractive-index profiling at key locations in optical modules and fiber optical networks without introducing significant insertion loss or without the need of specialty PM fibers.
In conclusion, this paper demonstrated the potential application of the F laser in fiber components fabrication. A modest F -laser exposure of 1 -10 kJ cm provided a large index change in standard fibers, while twofold larger index changes and fifteenfold faster responses were found with hydrogen soaking. The 157-nm fluence processing window of mJ cm that avoided damage in standard germanosilicate fiber was much lower than with traditional UV-laser photosensitivity because of the strong above-bandgap interactions of the 157-nm light. The F -laser modified index profiles were studied by a combination of selective chemical etching and AFM in conjunction with microreflectivity, and proved the generation of a highly anisotropic change. A peak index change of 0.01 confined within a 1-m penetration depth was noted in hydrogen-soaked fiber. Such asymmetry is associated with strong waveguide birefringence of up to 5 and presents new opportunities for fabricating in-fiber devices and controlling birefringence.
